Lithological heterogeneity of low P/T metamorphic rocks in southern area of Hidaka metamorphic belt (HMB) was formed through historical development of HMB while these rocks had been laid in ductile lower crust. Many strain-localized mylonite zones (<100 m in thickness) are preferentially developed within S-type tonalite and pelitic gneiss, which are characterized by a large modal amount of phyllosilicates (biotite+muscovite+chlorite) and quartz, compared to other lithofacies in HMB. Mylonitic foliations are more conspicuous with close to the center of the shear zone associated with increase in amounts of phyllosilicate minerals, indicating fluidenhanced weakening mechanisms were operated in plastic shear zones. Pseudotachylyte veins are observed exclusively in these mylonite zones, which were generated during exhumation stage of HMB. We conclude the seismic slip zones in southern HMB had been initiated in the ductile lower crust by concentration of localized plastic shear zones within the phyllosilicate-and quartz-rich lithofacies, which were heterogeneously formed by old metamorphic and magmatic events. Then these zones were further weakened by fluid-enhanced plastic deformation, and finally seismic slips occurred at the bottom of seismogenic upper crust, during exhumation of HMB.
Introduction
One of the fundamental questions for development of fault zones in seismological upper crust is inevitability of locations of the slip surfaces. One may suppose that preexisting weak surfaces/materials generated by local events such as magmatic intrusions, or by concentration of local tectonic stress are the possible explanations, because larger seismogenic faults developed within the complex and heterogeneous lithofacies are more common and universal. In order to examine this problem more in detail, we have investigated the exhumed fault zones exposed in the southern area of Hidaka metamorphic belt (HMB), Hokkaido, Japan. The southern HMB is appropriate to examine this problem because of following several reasons. (1) The latest metamorphic events (amphibolite facies; Osanai et al., 1997) are relatively new (Early Paleocene to Miocene; Komatsu et al., 1994; Owada et al., 1997) . Thus less overprinting deformations are expected. (2) Detailed geological information on this area has been given by Obara (1997) . (3) Lithology in this area is highly complex and seems to be appropriate to examine the effects of heterogeneity to the fault zone development. (4) Strain localized mylonite and pseudotachylyte layers are more frequently developed in this reCopy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB. gion than northern and middle regions of HMB . This paper describes possible genetic reasons of seismogenic fault zones through macro-to microscopic observations of lithofacies and fault zone rocks in southern HMB.
Geological Settings of Southern HMB
Geological structure of southern HMB is trending roughly N-S, dipping moderately to the east (Fig. 1) . The HMB is bounded by the Hidaka Main Thrust (HMT) and adjoins to the Idonnappu meta-acretionary complex to the west. Minor syn-and anti-forms are observed along the area adjacent to HMT (Fig. 1) . The metamorphic grade is basically highest along the western margin of southern HMB and gradually lowers to the east . The HMB extends further to the east where nonmetamorphic sedimentary rocks are distributed. In the study area, the HMB is basically composed of two types of rocks. One is low-P/high-T type metamorphic rocks and another is huge volume of intrusive rocks. The former is composed of amphibolite and pelitic/psamitic gneiss. The latter is composed of (1) gabbronorite-hornblende gabbro, (2) hornblende-diorite/tonalite, (3) troctolite-olivine gabbro, and (4) huge amounts of S-type tonalite associated with minor amounts of I-type tonalite. The S-type tonalite is further subdivided into basal, lower and middle S-type tonalite, based on the difference of sequence and structural level of intrusion . The metamorphic rocks are the oldest in this area, which were initially intruded by (1), and then by (2). They were further intruded by (3). The latest magmatic event was intrusion of (4) (Toyoshima 1991; Komatsu et al., 1994; Toyoshima et al., 1994; Osanai et al., 1997; Owada et al., 1997) . The gneissosity developed in metamorphic rocks are almost parallel to the geological structure. In contrast, foliations do not develop in the intrusive rocks showing homogeneous texture. It is obvious that the complex assemblage of lithofacies and geological structure, as shown in Fig. 1 was formed through evolution history of southern HMB while the metamorphic and igneous rocks were laid under granulite/amphibolite to higher green schist metamorphic conditions. Localized plastic shear zones overprint these metamorphic rocks and granitoids. These shear zones are generally less than 100 m in thickness, trending almost N-S, roughly parallel to the geological structure. Some of the large shear zones are shown in Fig. 1 . Some brittle shear zones also exist in this area, especially along the lithological boundaries, which are drawn by thick lines in Fig. 1 .
Mineral Mode Analysis
The mineral mode analysis is performed in order to clarify whether concentration of mylonite zones is related to the mineral mode of lithofacies. Forty samples of fresh, non-deformed rocks are obtained from various lithofacies (Fig. 2) . They are analyzed by point counter method under optical microscope (1000 points for each). The results are summarized in Table 1 and are graphi- cally shown in Fig. 2 . Although 16 minerals are listed in Table 1 for each sample, each categorized rock is composed more than 85% of three or four major minerals, as described below. Pelitic gneiss (2-3, 5-1 and 5-2 in Fig. 2 ) is composed of plagioclase (37.53%), phyllosilicates (biotite+muscovite+chlorite, 25.83%), quartz (23.13%) and minor accessory minerals. Amphibolite (2-1 to 2-6) is mainly composed of amphiboles (57.34%), plagioclase (35.52%) and quartz (4.28%). GabbronoriteHornblende gabbro (6-1 to 6-6) is composed of plagioclase (52.96%), amphiboles (17.54%), pyroxenes (16.59%) and quartz (8.45%). Hornblende diorite-tonalite (7-1 to 7-6) is composed of plagioclase (48.97%), amphiboles (28.18%), phyllosilicates (10.81%) and quartz (8.75%). S type tonalite shows similar mineral mode regardless of horizons of intrusion (1-1 to 1-5 for basal tonalite, 3-1 to 3-5 for lower tonalite and 8-1 to 8-5 for middle). They are composed of quartz (30.52-32.12%), plagioclase (32.14-39.20%) and phyllosilicates (26.68-31.66%).
The results of mineral mode analysis indicate that the S-type tonalite and pelitic gneiss are dominated by phyllosilicates and quartz, whereas other three lithofacies (amphibolite, hornblende diorite-tonalite and gabbronoritehornblende) are dominated by plagioclase, amphiboles and pyroxenes, and they contain a few amounts of phyllosilicates and quartz. We found from the results of detailed geological investigation that the localized mylonite zones developed preferentially in the S-type tonalite and pelitic gneiss, and less developed in hornblende tonalite, and few in gabbronorite-hornblende gabbro, troctolite-olivine gabbro and amphibolite (see Fig. 1 ). These results indicate that the localized mylonite zones were preferentially initiated in phyllosilicate-and quartz-rich lithofacies.
Descriptions of Mylonite and Pseudotachylyte in Localized Shear Zone
One of the best outcrops of localized mylonite zones is exposed along the Panke-river main stream (A in Fig. 1 ). Here, localized mylonite zone is roughly 50 m in thickness, trending NS, and gently dipping to the east. Mylonitic foliation becomes more conspicuous with closer to the core of the shear zone. No obvious boundaries are observed between host and mylonitic rocks. In center of the shear zones, well-developed mylonitic foliations are commonly observed ( Fig. 3(a) and (b) ). Microscopically, quartz and feldspars are reduced in amounts and served as larger crystals to be porphyroclasts in these mylonites (Fig. 3(d) ). Matrix is mainly composed of micaceous minerals. Foliations are defined by arrangements of these micaceous minerals. The contents of phyllosilicate minerals in well-foliated mylonitic rocks are more increased compared to host rocks (Fig. 3(c) , (d) and h), which shows similar occurrence with those described by Hippertt (1998) and Lonka et al. (1998) . In strongly deformed mylonite zones, residual quartz clasts typically show elongated shape, which are composed of elongated finer-sized quartz grains (Fig. 3(e) ). These quartz clasts are observed within 10 m from the core of the shear zone. The quartz grains show larger size and more polygonal shape at the margins of the shear zone. Fabric analyses clarified that sense of shear was dextral-normal.
It is commonly observed that the pseudotachylyte veins preferentially overprint the well-foliated mylonite zones ( Fig. 3(a) , (b) and (g)). The pseudotachylyte veins are generally less than 5 mm in thickness, associated with narrow (3 to 5 mm in thickness) cataclasitc zones at either side of pseudotachylyte veins (Fig. 3(f) ). However, single pseudotachylyte vein can be traced more than 10 m in length along its strike. Microscopically, the clasts involved in pseudotachylyte veins are extremely fine grained (1 to 10 µm) by comminution and wearing, showing no evidence of dynamic recrystallization by plastic deformation. These observations indicate that seismic slip events occurred at seismic brittle regime, overprinting pre-existing heavily deformed, well-foliated mylonite zones. Similar occurrence of localized mylonite zones and pseudotachylyte veins are also observed along Simono-sawa stream (B in Fig. 1, Shimada et al., 2004) .
Discussion and Conclusion
In southern HMB, metamorphic and intrusive rocks were laid under the condition of amphibolite facies at the peak metamorphic stage (Fig. 4 , Shimura et al., 1997) . Mylonitic deformation occurred under lower green schist facies condition (300 to 400
• C) based on the microscopic observations that feldspars are fractured to be porphyroclasts and quartz shows clear evidence of dynamic recrystallization (Passchier and Trouw, 1996) . Chemical breakdown of plagioclase into micaceous minerals would be favorably occurred under similar temperature condition Stünitz and Fitz Gerald, 1993) . The estimated temperature condition corresponds to the zones within the brittle-ductile transition (Sholtz, 1988) . Therefore, the localized mylonite zones were formed under retrograde metamorphic stage possibly due to exhumation of southern HMB (Fig. 4) .
Considering the facts that (1) localized mylonite zones are preferentially developed in the S-type tonalite and pelitic gneiss and (2) these two rocks are dominated by phyllosilicate minerals and quartz, we conclude that initiation of localized mylonite zones are controlled by lithology, that is, the localized mylonite zones are preferentially initiated within phyllosilicates-and quartz-dominated lithofacies. This stage is referred to as "Initiation stage" for preparations of seismic rupture surfaces.
Even within a localized shear zone, mode of deformation of quartz is contrasting between the zone within 10 m from core of the shear zone and marginal part of the shear zone. Quartz clasts show elongated shape composed of finer elongated grains within 10 m from the core of the shear zone (Fig. 3(e) ). It is well known that this type of fabric is formed by dynamic recrystallization at lower temperature and/or higher strain rate conditions (Masuda and Fujimura, 1981) . The zone containing elongated quartz clasts roughly corresponds to that of reducing in amounts of plagioclase and increasing of phyllosilicate minerals. These facts suggest fluid-enhanced chemical reaction occurred during progressive plastic deformation, including breakdown and dissolution of plagioclase, and/or growth of phyllosilicate minerals, under lower temperature/higher strain rate conditions. The mylonitic shear zone would be narrower into 10 m (Table 2) is presented as a host rock modal composition.
in thickness. Probably, the phyllosilicate-rich mylonite was also formed under ductile-brittle transition condition, since little evidence of brittle failure was found within the phyllosilicate-rich mylonite, except overprinting pseudotachylyte, which will be discussed later. Timing of formation of the phyllosilicate-rich mylonite would be followed by, but possibly close to that of the mylonite formed at initiation stage, because larger strain is required to induce infiltration of fluids and chemical reaction than the mylonite formed at initiation stage. Temperature condition may be similar or slightly lower than that for the mylonite of the initiation stage. Phyllosilicate bearing rocks show frictionalviscous behavior and apparent coefficient of friction is inferred to be lowered to 0.25 to 0.35 at the seismogenic depth (Bos and Spires, 2002) , suggesting that dynamic mode of deformation of the phyllosilicate-rich mylonite is largely different from mylonite formed at initiation stage. The lowstrength profile of the shear zone would be realized by initi- Fig. 4 . P-T-t path of metamorphism in Hidaka metamorphic belt (Modified after Osanai et al., 1992) . The path shown by solid line is appropriate for southern HMB (Osanai et al., 1991) . See also Osanai et al. (1992) for metamorphic zones II, III and IV. Localized mylonite zones and pseudotachylyte veins overprinting mylonite zones were formed at almost final stage of retrograde metamorphism. GRAN: granulite facies, AMP: amphibolite facies, GS: green schist facies, PA: pumpellyite-actinolite facies, PP: prehnite-pumpellyite facies, Ky: Kyanite, Sil: Sillimanite, and And: Andalusite.
ation of localized shear zones in weaker (phyllosilicate-and quartz-rich) regions, and further by mechano-chemical positive feedback process of weakening (breakdown of plagioclase into phyllosilicates) within localized mylonite zones, as suggested by observations of localized shear zone in HMB. The positive feedback stage is referred to as "Promotion stage" for preparation of seismic rupture surfaces. The pseudotachylyte veins are particularly concentrated within the narrow zones of heavily deformed mylonite being weakened by fluid assisted reaction. Microscopic observations indicate that they are generated by brittle failure and show no evidence of dynamic recrystallization. The deformation mode suggests that pseudotachylyte was generated under full brittle conditions. Similar occurrence of pseudotachylyte veins is observed along Shimono-sawa stream (B in Fig. 1 , Shimada et al., 2004) , where mineral veins containing prehnite commonly cut pseudotachylyte layers, suggesting that pseudotachylyte layers were generated under prehnite-related metamorphic conditions. The pseudotachylyte veins were presumably generated under prehnitepumpellyite facies conditions, since if we extrapolate retrograde P-T-t path from the stage of localized mylonite formation (Fig. 4) smoothly to the surface condition, it would pass through the PT condition around the boundary between prehnite-pumpellyite and pumpellyite-actinolite facies. Two types of pseudotachylyte veins are observed in HMB. One is layer parallel type, which corresponds to the one described in this paper, and another is layer oblique type . Toyoshima et al. (2004) describes that the former is commonly cut by the latter, and depth of generation of the latter was estimated to be around 4 km (Toyoshima, 1990) . From these observations and discussions, we consider that the seismic friction slips occurred at around the bottom of the brittle crust (120 to 300
• C), utilizing pre-existing well-foliated mylonite zones. The stage is referred to as "Generation stage". However, most of deformation experiments show stable behavior of phyllosilicate minerals under various P/T conditions. (Logan and Rauenzahn, 1987; Spires, 2001, 2002) . Fundamental mechanisms of generation of instability of phyllosilicate minerals still remain unclear. This problem should be clarified by future research. The sequence of deformation is in good agreement with the hypothesis that the deformation had occurred during exhumation of southern HMB. Considering P-T-t path of the HMB (Osanai et al., 1991 (Osanai et al., , 1992 , formation of localized plastic shear zones and pseudotachylyte veins seem to be almost final major events during whole metamorphic history of HMB (Fig. 4) . For summary of above discussions, we conclude that seismic slip surfaces had been prepared and finally activated through following three stages in the case of southern HMB. (1) Initiation stage: plastic deformation is localized preferentially within phyllosilicate-and quartz-rich lithofacies under the brittle-ductile transition condition. As a result, distribution of plastic shear zones is highly deviated and heterogeneous. (2) Promotion stage: Timing of this stage may be close to (1). Breakdown and dissolution of feldspars and quartz occurred associated with precipitation or grain growth of phyllosilicate by fluid-enhanced chemical reaction. Shear zone become narrower and weakened by strain softening. Constitutive behavior becomes frictional-viscous. (3) Generation stage: seismic, frictional layers were preferentially generated within weakest layers of strongly deformed mylonite zones under full brittle condition. Therefore in the case of southern HMB, the seismic slip surfaces had inevitably defined by heterogeneous distribution of lithofacies under the greenschist facies and higher T/P conditions before exhumation to the seismogenic depth.
